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This paper presents the experimental investigation of the 
concept of friction-induced vibrations observed in small-scale 
mechanical systems. A mesoscopic flat-on-flat tribotester, 
simulating as close as possible the behaviour of a microfluidic 
device, was designed and built and sliding tests on polyamide 
materials sliding on steel were performed in ambient 
atmosphere using this mesoscopic flat-on-flat tribotester. The 
results of this investigation show that these phenomena can also 
occur in small-scale system as it occurs in macro-scale system. 
This concept is due to: the interaction between mechanical 
parameters and tribological properties of the two sliding 
surfaces and the existence of two friction: static and kinetic 
friction so that the transition from one to another can be 
accompanied with vibrations. The results of this investigation 
confirm also the general trends that: stick-slip vibrations occur 
generally at lower sliding velocity and quasi-harmonic 




Due to the development in lab-on-a-chip technology; 
micro-electronic, miniaturization and integration, there is in this 
last century a large development in many engineering domains 
of small-scale mechanical systems. These small-scale systems 
posses in many cases small size parts and/or components in 
relative motion each other and generally operate with low 
contact pressure between the sliding interfaces but require  
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generally for their industrial applications higher performance 
and higher accuracy than the classical systems 
 
In order to better understand the behaviour of such systems 
and by the way to achieve the requirement of higher 
performance and higher accuracy, a deep investigation of the 
phenomena occurring at the sliding interfaces is therefore 
essential. Tribological investigations on such systems, 
especially the friction stability, become more and more an 
important issue in engineering and will greatly influence the 
development of the small-scale system industries. 
An example of such systems is a shear-driven microfluidic 
concept, in development in microfluidic engineering, to 
investigate the transport phenomena and the behaviour of 
macromolecules: DNA, proteins… in ultra-thin channels. 
The generation of such concept consists of two independently 
movable parts, by axially sliding the two parts relative to each 
other, and by relying on the viscous effect, which exists in 
every liquid the moving channel wall then simply drags the 
fluid through the ultra-thin channels. 
During the preliminary tests performed on the prototype 
frictional instabilities in behaviour of the prototype were 
observed at the start, during the motion and at the end of the 
sliding process. The measurements were therefore unreliable. 
These instabilities cannot be tolerated anyway and must be 
eliminated or reduced as possible for further investigations.  
These frictional instabilities observed in a microfluidic 
flow prototype are very known phenomena in mechanical 
systems with parts or components in relative motion each other 1 Copyright © 2005 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Doand are generally designed in mechanical engineering as the 
phenomena of friction-induced vibrations.  
In the past several approaches, especially analytical, have 
been used to investigate these phenomena in mechanical 
engineering for classical systems. [1, 3, 4, 5] and although many 
intensive works and publications that have been published 
about these concept of friction-induced vibrations in the 
literature, these concept still not yet fully understood and no 
simple theories or models have been widely accepted until now. 
In the present paper friction-induced vibration behaviour of 
small-scale mechanical systems will be experimentally 
investigated. 
   
Background of the phenomena of friction-induced vibration 
It is generally admitted from the many publications about 
these concept in the literature that the phenomena of friction-
induced vibrations result to the interaction between the 
tribological properties of the sliding interfaces and the 
mechanical properties of the system and are commonly 
classified in two main groups: stick-slip vibrations and quasi-
harmonic vibrations [1, 2, 3]. 
 Stick-slip vibrations are characterized by a sawtooth 
friction-time evolution which clearly defined a stick 
phase and slip phase. The two surfaces in contact 
alternately stick and move together (stick phase) and 
slip over each other (slip phase). 
 Quasi-harmonic vibrations, in the other hand have a 
nearly sinusoidal friction-time evolution. 
 
Based on the third law of friction, Coulomb concluded: the 
fact that static coefficient of friction is greater than the kinetic 
coefficient as the main cause of the occurrence of the stick-slip 
phenomenon in mechanical systems so that the transition from 
one to another can be accompanied with vibrations. This is 
actually the most commonly accepted cause of stick-slip in 
mechanical engineering. 
Many others have pointed to the negative slope of the 
friction-velocity curve as the main cause of the occurrence of 
stick-slip in mechanical systems, even when there is a 
difference between the static and kinetic coefficients of friction. 
[1, 6, 7, 8] 
 
Mechanical model 
A simple mechanical model (SDOF) is generally used to 
illustrate these phenomena (fig. 1) and can be represented by 
the following differential equation. 
 
Fig. 1. Mechanical model of the phenomena of friction-induced vibrations 
 
where m is the mass of the mass of the moving part, k the 
effective stiffness of the system, c the damping coefficient of 
(1)m x c x k x F+ + =&& & 
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interfaces. 
The moving plate is driven in a linear motion by a driving 
unit and the stationary plate pushed down against the moving 
plate by the normal load. Due to the friction between the two 
sliding interfaces, the two surfaces will stick and move together 
away. As a result the stiffness force builds up (stick episode). 
As the stiffness force reaches the maximum friction force 
between the two sliding interfaces, relative motion will occur 
(slip episode) between the two sliding surfaces and the friction 
force drops to minimum. The cycle can continue over and over 
again. This repeated stick-slip action would produce noise, an 





Fig. 2. Classical model of friction in a mechanical system 
 
There are in the literature many friction models 
The classical model generally known as the coulomb model 
states the friction opposes motion and its magnitude is 
dependent of velocity and the contact area as illustrated in 
Figure 2 a). Notice that this model is an ideal model. This 
model does not specify the friction force for zero velocity.  
In the 19th century the theory of hydrodynamics was 
developed leading to expression of the friction force caused by 
viscosity. Viscous friction is often combined with coulomb 
friction as shown in Figure 2 b). 
Stiction is short for static friction as opposed to kinetic 
friction describes the friction force at rest (Figure 2 c). It is 
known that the force needed to initiate relative motion is higher 
than what needed to maintain relative motion. The static 
friction is the force needed to initiate relative motion and the 
kinetic friction the force needed to maintain relative motion. 
The friction at rest cannot be described as a function of 
only velocity. It has been modeled using the external force Fe 
as follow 
 
The static friction force is a complex function of the 
external force and time but not of the velocity. This what it 
generally used as the classical friction model. 
Stribeck observed that friction force does not decrease 
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dependence is continuous as shown in Figure 2 d). This is 
called the Stribeck friction.  
 
A more general description of friction than the classical 
models is  
 
 
where F(v) is an arbitrary function, which may look as in 
Figure 2 d) and vs is called the Stribeck velocity. 
 
 Using this general classical model of friction, it can be 
possible to solve analytically the differential equation 
characteristic of the phenomena of friction-induced vibrations. 
This simple model has the merit to confirm what was 
generally observed in many experimental works and 
publications that: these phenomena of friction induced vibration 
result to the interaction between the mechanical parameters of 
the system (stiffness, damping, inertia, driven velocity) and the 
tribological properties of the sliding surfaces (type of materials, 
surface roughness, sliding velocity, contact pressure, 
environmental conditions, lubrication conditions). [1, 6, 7, 8] 
The function F is easily obtained by measuring the friction 




Mesoscopic tribotester flat on flat 
In order to the investigate the phenomena of friction-
induced vibrations in a microfluidic systems: 
A mesoscopic flat-on-flat tribotester simulating as close as 
possible a microfluidic flow device was designed and buit in 
laboratory. The mechanical characteristics of this tribotester are 
illustrated in table (1) and Figure 3 illustrates the prototype. 
Sliding tests in ambient atmosphere (RH~60%, T~23°C) using 
this mesoscopic flat-on-flat tribotester were performed on 
polyamide specimen (surface) sliding on steel specimen 
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(1)  Driving unit, (2) Loadcel, (3) Moving plate,  
(4) Slider (stationary specimen),  
(5) Normal load (static),  (6) Displacement sensor 
Fig. 3.  Schematic view of the mesoscopic the flat-on-flat tribotester 
(4)wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Table  1. Technical characteristic of the mesoscopic flat-on-flat tribotester 
Mesoscopic flat-on-flat tribotester 
Normal load 0 – 8 N 
Sliding velocity 0 – 50 mm/s 
Stroke 1 – 50 mm 
Friction force Max 2 N 
Moving plate (steel) Ø 63 mm Specimens 
Stationary (polyamide) 20 mm x 30 mm 
 
Two specimens (moving plate and stationary plate) were 
attached to the sample holders and were then brought into 
contact by applying a static normal load (5) on the stationary 
plate. The moving plate (3) is driven at constant velocity by a 
driving unit (1).  The force in the metal wires, continuously 
recorded throughout the test by means of a loadcel (2) attached 
to the stationary plate (4), is equal to the friction force between 
the two sliding interfaces.  
The coefficient friction curve is plotted as a function of 
time. The static and the kinetic coefficient of friction can be 
then determined from the acquired curve: static coefficient of 
friction, noted µs, as the maximum value at which relative 
motion starts (at zero relative motion). The kinetic coefficient 
of friction, noted µk, is the time average value of the coefficient 






Experimental test (methodology) 
Test parameters 
A series of sliding tests were performed in laboratory using 
the mesoscopic flat-on-flat tribotester in ambient atmosphere 
with different sliding velocities and different normal loads in 
order to investigate the phenomena of friction-induced 
vibrations in small-scale mechanical systems.  
 Sliding velocities: Different sliding velocities from 
20.00 mm/s to 0.125 mm/s 
 Normal loads: W1= 1.207 N, W2= 2.181 N and W3= 
3.223 N 
 Environment conditions: ambient atmosphere    
(RH~60 %, T~23°C) 
Specimens 
Rectangular plates (20 mm x 30 mm x 2.5 mm) made from 
polyamide have been used as stationary specimen (slider) and 
circular plates (Ø 63 mm, height 8 mm) made from steel have 
been used as moving specimen. All the specimens used in this 
investigation were fabricated in our laboratory. 
Before each tests all the specimens were cleaned with acetone. 
{ } 1
1
m a x t ts i t t













= ∫ (5.b)Use: http://www.asme.org/about-asme/terms-of-use
DownRESULTS AND DISCUSSIONS 
Our main experimental results (recorded curves) showed 
that: stick-slip vibrations occur mainly at lower sliding 
velocities and quasi-harmonic vibrations at higher sliding 
velocities and the non linearity behavior of the prototype. 
 
COEFFICIENT OF FRICTION 
The static coefficient of friction, noted µs, that is defined as 
the maximum value at which relative motion starts (at zero 
relative motion) and the kinetic coefficient of friction, noted µk, 
as the time average value of the coefficient of friction during 
relative motion [1, 3, 4] of polyamide materials sliding on steel 
material experimentally recorded during the sliding tests using 
the mesoscopic flat-on-flat tribotester with different sliding 
velocities and different normal load in ambient atmosphere are 
respectively:  µs = [0.4 – 0.6] and  µk = [0.3 – 0.4]. These values 
agree with the results that are commonly found in the literature 
about the friction behavior of polyamide materials. 
 
The most important observation of the series of recorded 
curves during the sliding tests with different sliding velocities 
and different loads using the mesoscopic flat-on-flat tribotester 
is that: relative motion between two sliding interfaces can be 
smooth or intermittent. Intermittent that characterized the 
phenomena of friction-induced vibrations can be either regular 
or chaotic: At lower sliding velocities stick-slip phenomenon 
mostly occurs and at higher sliding velocities harmonic 
vibration occurs as it can be illustrated in figures (4) and (6). 
This in agreement with the general trends observed in many 








Fig.4. Stick-slip vibrations as observed during the sliding tests on the flat-on-
flat tribotester 
Stick-slip parameters 
When stick-slip occurs, two different phases can be clearly 
observed: stick phase and slip phase. Different parameters, 
experimentally determined from the friction curves, can be used 
to characterize the stick-slip behavior of a mechanical system 
among them: stick-time, stick slope, slip-time, slip slope and 
the static and the kinetic coefficients of friction. 
The stick-time and the slip-time are defined as the duration 
of the respectively stick phase and the slip phase. The stick-
slope and the slip-slope are defined as the slope of the friction 
curve respectively during the stick phase and the slip phase 
Figure 5 illustrates the different parameters.  
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Fig.5. Parameters characteristics of the stick-slip phenomenon 
Table 2 shows the parameters characteristics of the stick-slip 
experimentally determined during the sliding tests on the 
prototype in function of the experimental parameters such as 
sliding velocity and normal load. 
Table  2. Parameters characteristics of the stick-slip phenomenon determined 
during the sliding tests in function of different experimental parameters 
Normal load (N) Sliding velocity (mm/s) 
 
 V=0.125   V= 0.25  V= 1.00  V= 2.00  
µs-µk 0.23 0.16 0.15 0.13 
Stick time (ms) 613 176.5 1.09 53.33 
Stick slope 0.37 0.88 1.34 2.40 






Slip slope -5.95 -5.02 -5.72 -5.60 
µs-µk 0.26 0.19 0.16 0.11 
Stick time (ms) 919 348 144.75 57.67 
Stick slope 0.28 0.53 1.08 1.96 






Slip slope -6.42 -5.78 -6.04 -4.47 
µs-µk 0.31 0.21 0.16 0.14 
Stick time (ms) 1371 442 184 85 
Stick slope 0.22 0.47 0.85 1.70 






Slip slope -6.34 -6.34 -4.84 -5.34 
 
 
A high correlation can be found between the different 
parameters characteristics the stick phase each other in one side 
and between the different parameters characteristics the stick 
phase and the experimental parameters such sliding velocity 
and normal load in other side. Figures 9, 10 and 11 confirm this 
observation. No correlation at all between the different 
parameters characteristics of the slip phase each other and 
between the parameters characteristics of the slip phase and 
experimental parameters. Figures 12 and 13 confirm this 
observation. The slip phase consists on a purely release of the 
energy stored by the system during the stick phase can explain 
this observation. The stick-slip can be considered as an 




The quasi-harmonic vibrations are also investigated. A 
close look at the friction force recorded at higher sliding 
velocity allows us to determine the natural frequency 
(resonance) of the system and therefore the stability and the 
dynamic behavior of the system.  
When designing mechanical systems, it is desirable to 
determine the natural frequencies of the system in order to 
predict its dynamical behavior in operation and to avoid 
resonance problems. Any real system can have an infinite 
number of natural frequencies at which it will readily vibrate. 4 Copyright © 2005 by ASME 
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RH= 60%, T= 23°C
V = 10.00 mm/ s
 
Fig. 7. Different quasi-harmonic vibrations curves observed during the sliding 
test using the flat-on-flat tribotester  
 The number of natural frequencies that are necessary or 
desirable to calculate will vary with the situation. The most 
complete approach to the task is to use Finite Element Analysis 
to break the assembly into large number of discrete elements. 
The most important is to determine the system’s lowest natural 
frequency also designed as fundamental, since this frequency 
will usually create the large magnitude of vibrations.  
The undamped fundamental natural frequency fn can be 




where fn is the fundamental natural frequency, m is the moving 
mass of the system and k is the effective spring constant of the 
system. 
Table  3. Natural frequency of the prototype experimentally determined 
 Sliding velocity (mm/s) 
Normal load (N) V=10.00  V= 16.00  V= 20.00  
Natural frequency (Hz) 26.66  29.41 28.57 W= 1.207  
Stiffness (N/mm) 4.23  4.18  3.94  
Natural frequency (Hz) 19.23 20.83 21.73  W= 2.181  
Stiffness (N/mm) 3.21  3.76  4.09 
Natural frequency (Hz) 19.20  17.24  17.54 W= 3.223  





= (6)  
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Fig. 8. Effective stiffness curves of the prototype illustrating the non linear 
behavior of the prototype. 
An analysis of the recorded curves at higher sliding 
velocity (figure 7) based on DFT and frequency analysis allows 
us to determine the natural frequency of the prototype and 
therefore its dynamical and stability behavior during the tests. 
The natural frequency of our experimental prototype varies 
between 18 Hz and 26 Hz and its stiffness between 3.50 N/mm 
and 4.30 N/mm. As it can be observed the natural frequency 
values are not constant. The difference between the effective 
stiffness of the system determined during the quasi-harmonic 




Sliding tests on the prototype have showed that the relative 
(sliding) motion between two surfaces could be either smooth 
or intermittent. When intermittent motion occurs it can be 
regular or chaotic in random way and generally accompanied 
with vibrations known as the friction-induced vibrations. Our 
experimental results confirm that these phenomena of friction-
induced vibrations result to the interaction between tribological 
properties of the sliding surfaces and mechanical parameters of 
the systems. Stick-slip vibrations generally occur at lower 
sliding velocities and quasi-harmonic vibrations at higher 
sliding velocities as in classical systems. 
The prototype has showed a non-linear behavior and is 
very sensitive to any external perturbation. No general 
conclusions can be extrapolated and the results from the 
prototype obtained in laboratory must be carefully used. A 
system approach is very essential to investigate these 

























Poly amide on Steel
RH~ 60%,  T ~ 23°C
 
Fig. 9. Difference between static and kinetic coefficient of friction versus stick-
time for different normal load illustrating of the dependence between stick 
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RH~ 60%,   T~ 23°C
 
Fig. 11. Stick slope versus the sliding velocity for different normal load 



























RH~ 60%,   T~ 
23°C
 
Fig. 3. Slip slope versus the sliding velocity for different normal load 
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RH~ 60%,    T ~ 23°C
 
 
Fig. 10. Stick time versus the sliding velocity for different normal load 

























RH~ 60%, T~ 23°C
 
Fig. 12. Difference between static and kinetic coefficient of friction versus stip-
time for different normal load illustrating of the non dependence between slip 
phase and experimental parameters 
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